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The quasiparticle excitation is one of the most fundamental and ubiquitous physical observables
in cuprate superconductors, carrying information about the bosonic glue forming electron pairs.
Here the autocorrelation of the quasiparticle excitation spectral intensities in cuprate supercon-
ductors and its connection with the quasiparticle scattering interference are investigated based on
the framework of the kinetic-energy driven superconducting mechanism by taking into account the
pseudogap effect. It is shown that the octet scattering model of the quasiparticle scattering pro-
cesses with the scattering wave vectors qi connecting the hot spots on the constant energy contours
is intrinsically related to the emergence of the highly anisotropic momentum-dependence of the
pseudogap. Concomitantly, the sharp peaks in the autocorrelation of the quasiparticle excitation
spectral intensities with the wave vectors qi are directly correlated to the regions of the highest joint
density of states. Moreover, the momentum-space structure of the autocorrelation patterns of the
quasiparticle excitation spectral intensities is well consistent with the momentum-space structure of
the quasiparticle scattering interference patterns observed from Fourier-transform scanning tunnel-
ing spectroscopy experiments. The theory therefore confirms an intimate connection between the
angle-resolved photoemission spectroscopy autocorrelation and quasiparticle scattering interference
in cuprate superconductors.
PACS numbers: 74.25.Jb, 74.80.-g, 74.72.Kf
I. INTRODUCTION
The nature of the quasiparticle excitations in cuprate
superconductors is of great interest in the past three
decades1–6. This follows an experimental fact that
the parent compound of cuprate superconductors is a
strongly correlated Mott insulator, which is realized by
the localization of an electron at each copper atom of the
copper-oxide planes in real-space7,8. However, when a
small fraction of these electrons are removed from the
copper-oxide planes, a process so-called charge-carrier
doping, the electronic correlations are altered sufficiently
to produce superconductivity, which is characterized by
the delocalization of the electron pairs1–8. This remark-
able evolution from the localized real-space state of the
Mott insulator to the delocalized momentum-space elec-
tron pairs of the superconductor therefore leads to a rich
phenomenology in cuprate superconductors9–13. In par-
ticular, since the notable properties of the electronic state
are intimately connected to the particular characteristics
of the low-energy quasiparticle excitations1–6, the under-
standing of the nature of the quasiparticle excitations in
cuprate superconductors is thought to be key to the un-
derstanding of how a strongly correlated Mott insulator
with the localized electronic state becomes a supercon-
ductor with the delocalized electron pairing-state.
Experimentally, angle-resolved photoemission spec-
troscopy (ARPES), which probes the energy and momen-
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tum of electrons simultaneously, is a direct tool in the
measurement of the momentum-space electronic struc-
ture of the system1–4. In particular, the ARPES ex-
perimental measurements have obtained rather detailed
information of the quasiparticle excitations of cuprate
superconductors in the pseudogap phase1–4,14–18, where
one of the most definite characteristics is the electron
Fermi surface (EFS) reconstruction14–18, i.e., although
the quasiparticle excitations of cuprate superconductors
in the SC-state are well defined at all momenta along
EFS, the weight of the quasiparticle excitation spectrum
around the antinodal regime is gapped out by the pseu-
dogap, and then EFS is broken up into the disconnected
Fermi pockets located around the nodal regime. The
Fermi pocket is consisted by the Fermi arc and back side
of Fermi pocket. However, the highest intensity points
are located at the tips of the Fermi arcs19–23, and then
these tips of the Fermi arcs connected by the scatter-
ing wave vector qi contribute effectively to the quasi-
particle scattering processes11,19,22,23, which lead to the
unconventional electronic state properties in cuprate su-
perconductors. Moreover, this pseudogap also induces
a dramatic change of the quasiparticle excitation spec-
tral line-shape, where a sharp peak develops at the low-
est binding energy corresponding to the superconducting
(SC) gap, and is followed by a dip and then a hump in
the higher energies, giving rise to a striking peak-dip-
hump (PDH) structure in the quasiparticle excitation
spectrum24–26. On the other hand, scanning tunneling
spectroscopy (STS) is a direct tool in the detection of
the real-space inhomogeneous electronic structure of the
system5,6. In particular, this STS measurement tech-

























2nique has been also used to infer the momentum-space
behavior of the quasiparticle excitations of cuprate su-
perconductors in the pseudogap phase from the Fourier
transform (FT) of the position- and energy-dependent lo-
cal density of states (LDOS) ρ(r, ω), therefore both real-
space and momentum-space modulations for LDOS in
the pseudogap phase are explored simultaneously5,6,27–33.
The typical feature observed by the FT-STS LDOS
ρ(q, ω) is dominated by the sharp peaks at the well-
defined wave vectors qi obeying the octet model
5,6,27–33,
since the quasiparticle dispersion has closed constant-
energy Fermi pockets around nodal regime. The quasi-
particle scattering interference (QSI) manifests itself as
a spatial modulation of ρ(r, ω) with these well-defined
wave vector qi, appearing in the FT-STS LDOS ρ(q, ω).
Although the STS experiments also indicated that the
intensity of some of the QSI peaks in cuprate super-
conductors vanishes beyond the antiferromagnetic (AF)
zone boundary, it has been shown this extinction of QSI
without implying the loss of the quasiparticle excitations
beyond the AF zone boundary33. Furthermore, the ex-
perimental observations from the ARPES measurements
have shown that the sharp peaks of the ARPES auto-
correlation are directly correlated with the wave vectors
qi that connect the tips of the Fermi arcs
19, and are
well consistent with these observed from the FT-STS
experiments27–33. In this case, a natural question is why
there is a direct connection between the sharp peaks of
the ARPES autocorrelation detected in the ARPES mea-
surements and the QSI peaks observed from the FT-STS
experiments?
Theoretically, the quasiparticle excitation spectrum
of cuprate superconductors in the pseudogap phase
and the unusual behavior of QSI have been studied
extensively1–6. In particular, it has been shown that the
sharp peak observed in the quasiparticle scattering rate
of cuprate superconductors is directly responsible for the
remarkable PDH structure in the quasiparticle excitation
spectrum34. On the other hand, the qualitative behaviors
of QSI in cuprate superconductors have been discussed
based on the phenomenological octet model by consider-
ing the effect of impurity scattering6,35–38, where it has
been shown that a single or few impurities in a homoge-
neous d-wave SC-state leads to a result that is in qualita-
tive agreement with the FT-STS experimental data27–33.
However, to the best of our knowledge, the ARPES au-
tocorrelation in the pseudogap phase of cuprate super-
conductors and its connection with QSI have not been
discussed starting from a microscopic SC theory, and
no explicit calculations of the energy dependence of the
ARPES autocorrelation has been made so far. In this
paper, we study this issue by taking into account the
pseudogap effect. Within the framework of the kinetic-
energy-driven SC mechanism39–41, we evaluate explicitly
the autocorrelation function of the quasiparticle excita-
tion spectral intensities in cuprate superconductors in
terms of the electron spectral function, and reproduce the
main experimental results of the ARPES autocorrelation
of cuprate superconductors19. In particular, our results
show that the highly anisotropic momentum-dependence
of the pseudogap gaps out the quasiparticle excitation
spectral weight on the constant energy contours around
the antinodal region, leaving behind the quasiparticle ex-
citation spectral weight located at the disconnected seg-
ments around the nodal region only to form the Fermi
pockets, where the highest intensity regime on the discon-
nected segments appears exactly around the tips of these
disconnected segments, which in this case coincide with
the hot spots on the constant energy contours, and then
the quasiparticle scattering processes with the scattering
wave vectors qi connecting the hot spots construct a octet
scattering model. As a consequence, the sharp peaks in
the autocorrelation of the quasiparticle excitation spec-
tral intensities with the scattering wave vectors qi are di-
rectly associated with the regions of the highest joint den-
sity of states. Furthermore, the momentum-space struc-
ture of the autocorrelation patterns of the quasiparticle
excitation spectral intensities is well consistent with the
momentum-space structure of the QSI patterns observed
from the FT-STS experiments27–33.
This paper is organized as follows. The basic formal-
ism is presented in Sec. II, while the quantitative char-
acteristics of the ARPES autocorrelation of cuprate su-
perconductors and its connection with QSI are discussed
in Sec. III, where we confirm an intrinsic connection be-
tween the sharp peaks of the ARPES autocorrelation and
the QSI peaks in cuprate superconductors. Finally, we
give a summary in Sec. IV.
II. AUTOCORRELATION FUNCTION OF
QUASIPARTICLE SPECTRAL INTENSITIES
The ARPES autocorrelation of cuprate superconduc-







I(k+ q, ω)I(k, ω), (1)
where the summation of momentum k is restricted
within the first Brillouin zone (BZ), while the quasi-
particle excitation spectrum I(k, ω) is related directly
to the electron spectral function A(k, ω) as I(k, ω) =
|M(k, ω)|2nF(ω)A(k, ω), with the fermion distribution
nF(ω) and the dipole matrix element M(k, ω). However,
the important point is that M(k, ω) does not have any
significant energy or temperature dependence1–4. In this
case, the magnitude of M(k, ω) can be rescaled to the
unit, and then the evolution of C¯(q, ω) with momen-
tum, energy, temperature, and doping concentration is
completely characterized by the electron spectral func-
tion A(k, ω). This autocorrelation function of the quasi-
particle excitation spectral intensities C¯(q, ω) in Eq. (1)
therefore describes the ARPES autocorrelation at two
different momenta, separated by a momentum transfer
q, at a fixed energy ω.
3The present discussion of the ARPES autocorrelation
and its connection with QSI is based on the frame-
work of the kinetic-energy-driven superconductivity39–41.
This kinetic-energy-driven SC mechanism is developed
early within the t-J model in the charge-spin separation
fermion-spin representation, where the charge carriers are
held together in the pairs in the particle-particle channel
by the effective interaction that originates directly from
the kinetic energy of the t-J model by the exchange of
spin excitations, then the electron pairs originating from
the charge-carrier pairing state are due to the charge-spin
recombination42, and their condensation reveals the SC-
state. In particular, this same interaction also generates
the pseudogap state in the particle-hole channel41, lead-
ing to a coexistence of the SC-state and pseudogap state
below the SC transition temperature Tc in the whole SC
dome. Following these previous works, the single-particle
diagonal and off-diagonal Green’s functions G(k, ω) and




ω − εk − Σ1(k, ω)− [Σ2(k, ω)]2/[ω + εk + Σ1(k,−ω)] , (2a)
=†(k, ω) = − Σ2(k, ω)
[ω − εk − Σ1(k, ω)][ω + εk + Σ1(k,−ω)]− [Σ2(k, ω)]2 , (2b)
where εk = −Ztγk + Zt′γ′k + µ is the bare band struc-
ture, with γk = (coskx + cosky)/2, γ
′
k = coskxcosky,
the nearest-neighbor (NN) and next NN electron hop-
ping integrals t and t′ in the t-J model, respectively,
the number of the NN or next NN sites on a square
lattice Z , and the chemical potential µ. The electron
self-energies Σ1(k, ω) in the particle-hole channel in Eq.
(2), which describes the single-particle coherence, and
Σ2(k, ω) in the particle-particle channel, which is de-
fined as the energy and momentum-dependence of the SC
gap43–45, ∆¯s(k, ω) = Σ2(k, ω), can be obtained in terms
of the full charge-spin recombination, and are given ex-
plicitly in Ref. 42. In this paper, the parameters are
chosen as t/J = 2.5 and t′/t = 0.3, where J is the AF
exchange in the t-J model for a pair of NN spins. The
magnitude of J and the lattice constant of the square lat-
tice are the energy and length units, respectively. How-
ever, when necessary to compare with the experimental
data, we take J = 100 meV1–6.
With the above single-particle diagonal Green’s func-
tion (2a), the electron spectral function A(k, ω) in the
SC-state now can be obtained explicitly as,
A(k, ω) =
2Γ(k, ω)
[ω − E(k, ω)]2 + Γ2(k, ω) , (3)
where the quasiparticle scattering rate Γ(k, ω) and the
renormalized band structure E(k, ω) are given by,
Γ(k, ω) =
∣∣∣∣ImΣ1(k, ω)− ∆¯2s (k, ω)ImΣ1(k,−ω)[ω + εk + ReΣ1(k,−ω)]2 + [ImΣ1(k,−ω)]2
∣∣∣∣ , (4a)
E(k, ω) = εk + ReΣ1(k, ω) +
∆¯2s (k, ω)[ω + εk + ReΣ1(k,−ω)]
[ω + εk + ReΣ1(k,−ω)]2 + [ImΣ1(k,−ω)]2 , (4b)
with ReΣ1(k, ω) and ImΣ1(k, ω) that are the real and
imaginary parts of the electron self-energy Σ1(k, ω), re-
spectively. Substituting this electron spectral function
A(k, ω) into Eq. (1), we therefore obtain the autocor-
relation function of the quasiparticle excitation spectral
intensities C¯(q, ω).
III. ARPES AUTOCORRELATION AND ITS
CONNECTION WITH QSI
In our recent studies46, the nature of the SC-state
EFS (the zero binding energy contour) reconstruction in
cuprate superconductors has been discussed, where we
have performed a map of the spectral intensity of the
quasiparticle excitation spectrum I(k, 0) at zero bind-
ing energy, and shown that the formation of the Fermi
pockets due to the EFS reconstruction is closely related
to the emergence of the highly anisotropic momentum-
dependence of pseudogap. However, as a complement
4FIG. 1: (Color online) The spectral intensity of the quasiparticle excitation spectrum as a function of the momentum for (a)
ω = 0.12J = 12 meV and (b) ω = 0.24J = 24 meV at δ = 0.15 with T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100 meV.
The corresponding experimental results of the optimally doped Bi2Sr2CaCu2O8+δ for (c) ω = 12 meV and (d) ω = 24 meV
taken from Ref. 19.
of these recent studies, we firstly in this paper discuss
the nature of the SC-state constant energy contours at
the case for finite binding energies. In Fig. 1, we plot
a map of the spectral intensity of the SC-state quasi-
particle excitation spectrum I(k, ω) as a function of the
momentum in the first BZ for the binding energies (a)
ω = 0.12J = 12 meV and (b) ω = 0.24J = 24 meV at the
optimal doping δ = 0.15 with temperature T = 0.002J .
For comparison, the corresponding ARPES experimental
results19 of the SC-state ARPES spectral intensity map
observed on the optimally doped Bi2Sr2CaCu2O8+δ for
the binding energies ω = 12 meV and ω = 24 meV are
also shown in Fig. 1c and Fig. 1d, respectively. Appar-
ently, the corresponding ARPES experimental results19
are qualitatively reproduced, where the most typical fea-
tures are that: (i) the Fermi pockets formed by the dis-
connected segments on the constant energy contours that
emerge due to the EFS reconstruction at the case for the
zero binding energy14–18 can persist into the case for fi-
nite binding energies. In particular, the area of these
Fermi pockets is energy dependent; (ii) however, it is re-
markable that the highest intensity points do not locate
at the node places, but sit exactly at the tips of the dis-
connected segments, which in this case coincide with the
hot spots on the constant energy contours, where we use
the notation hot spots on the constant energy contours
even for finite binding energies; (iii) since the most of
the quasiparticles are accommodated at eight hot spots,
these eight hot spots connected by the scattering wave
vectors qi shown in Fig. 1a therefore contribute effec-
tively to the quasiparticle scattering processes5,6,27–33.
More specifically, these quasiparticle scattering processes
with the scattering wave vectors qi construct a octet scat-
tering model5,6,27–33. All these typical features are the
same as the case for the zero binding energy14–18 and
are well consistent with the experimental observations19.
However, it should be emphasized that this microscopic
octet scattering model with the scattering wave vectors
qi connecting the hot spots shown in Fig. 1a is ob-
tained within the framework of the kinetic-energy-driven
superconductivity. Furthermore, we46,47 have shown that
the quasiparticle scattering between two hot spots on
the straight disconnected segments with the character-
istic wave vector q1 = QHS matches well with the cor-
responding charge-order wave vector QCD observed in
the resonant X-ray scattering measurements and STS
experiments11,22,48–51.
We are now ready to discuss the ARPES autocorre-
lation and its connection with QSI in cuprate super-
conductors. In Fig. 2, we plot the autocorrelation of
5FIG. 2: (Color online) The autocorrelation of the quasiparticle excitation spectral intensities as a function of the momentum
for (a) ω = 0.12J = 12 meV and (b) ω = 0.24J = 24 meV at δ = 0.15 with T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100
meV. The corresponding experimental results of the optimally doped Bi2Sr2CaCu2O8+δ for (c) ω = 12 meV and (d) ω = 24
meV taken from Ref. 19.
FIG. 3: (Color online) (a) The map of the intensity of the autocorrelation of the quasiparticle excitation spectral intensities in
momentum-space for ω = 0.18J = 18 meV at δ = 0.15 with T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100 meV. (b) The
corresponding experimental result of the optimally doped Bi2Sr2CaCu2O8+δ for ω = 18 meV taken from Ref. 19.
the SC-state quasiparticle excitation spectral intensities
C¯(q, ω) as a function of the momentum for the bind-
ing energies (a) ω = 0.12J = 12 meV and (b) ω =
0.24J = 24 meV at δ = 0.15 with T = 0.002J in com-
parison with the corresponding experimental results19 of
the ARPES autocorrelation detected from the optimally
doped Bi2Sr2CaCu2O8+δ for the bind energies (c) ω = 12
meV and (d) ω = 24 meV, respectively. Our results thus
show that there are some sharp peaks (then some dis-
crete spots) appear in C¯(q, ω), where the joint density
of states is highest. To see these sharp peaks at the dis-
crete spots of C¯(q, ω) more clearly, we map C¯(q, ω) in
the [kx, ky] plane for the binding energy ω = 0.18J = 18
meV at δ = 0.15 with T = 0.002J in Fig. 3a in
comparison with the corresponding experimental result19
of the ARPES autocorrelation of the optimally doped
Bi2Sr2CaCu2O8+δ for the binding energy ω = 18 meV
in Fig. 3b, where the sharp autocorrelation peaks are lo-
cated exactly at the discrete spots of C¯(q, ω). Moreover,
these combined results in Fig. 2 and Fig. 3 therefore
indicate clearly that the discrete spots in C¯(q, ω) are di-












FIG. 4: The autocorrelation of the quasiparticle excitation spectral intensities as a function of the momentum along (a) the
Brillouin zone parallel direction for the wave vectors q1 and q5 and (b) the Brillouin zone diagonal direction for the wave
vectors q3 and q7 at δ = 0.15 with T = 0.002J for t/J = 2.5 and t
′/t = 0.3. The corresponding experimental results of the
ARPES autocorrelation of the optimally doped Bi2Sr2CaCu2O8+δ along (c) the Brillouin zone parallel direction for the wave
vectors q1 and q5 and (d) the Brillouin zone diagonal direction for the wave vectors q3 and q7 taken from Ref. 19.
the hot spots on the constant energy contours shown in
Fig. 1a, in good agreement with the ARPES experimen-
tal data19. For a further understanding of the anomalous
properties of the energy- and momentum-dependence of
C¯(q, ω), we have made a series of calculations for C¯(q, ω)
with the different qi, and the results of C¯(q, ω) as a func-
tion of the momentum along (a) the BZ parallel direction
for the scattering wave vectors q1 and q5 and (b) the BZ
diagonal direction for the scattering wave vectors q3 and
q7 at δ = 0.15 with T = 0.002J are plotted in Fig. 4.
For comparison, the corresponding APRES experimen-
tal results19 of the optimally doped Bi2Sr2CaCu2O8+δ
along the BZ parallel direction for the scattering wave
vectors q1 and q5 and the BZ diagonal direction for the
scattering wave vectors q3 and q7 are also shown in Fig.
4c and Fig. 4d, respectively. These results therefore
show that the sharp peaks in C¯(q, ω) at low energies
disperse smoothly with energy. In particular, the disper-
sion of the sharp peaks in C¯(q, ω) follow the evolution of
the hot spots on the disconnected segments with energy,
and are also qualitatively consistent with the ARPES
observations19.
On the other hand, it is very remarkable that the
momentum-space structure of the ARPES autocorrela-
tion patterns connected by the scattering wave vectors
qi is well consistent with the momentum-space struc-
ture of the QSI patterns observed from the FT-STS
experiments5,6,27–33. In Fig. 5a, we plot C¯(q, ω) as
a function of the momentum for the binding energy
ω = 0.16J = 16 meV at δ = 0.15 with T = 0.002J . For
comparison, the experimental result30 of the QSI pattern
obtained from the optimally doped Bi2Sr2CaCu2O8+δ for
the binding energy ω = 16 meV is also shown in Fig.
5b. It is clear that the momentum-space structure of the
ARPES autocorrelation pattern shown in Fig. 5a is in
good agreement with the momentum-space structure of
the QSI pattern shown in Fig. 5b. Moreover, combining
the results in Fig. 1, Fig. 2, and Fig. 5 thus confirm that
the octet scattering model constructed by the eight hot
spots shown in Fig. 1a that can give a consistent descrip-
tion of the regions of the highest joint density of states
can be also used to explain the FT-STS experimental
data.
In our previous studies46,47, we have shown clearly that
the formation of the Fermi pockets at the zero binding
energy and the related striking feature of the sharp quasi-
particle peak with the large spectral weight appeared al-
ways at the hot spots on EFS can be attributed to the
highly anisotropic momentum-dependence of the quasi-
particle scattering rate Γ(k, 0) in Eq. (4a) at the zero
7FIG. 5: (Color online) (a) The autocorrelation of the quasiparticle excitation spectral intensities as a function of the momentum
for ω = 0.16J = 16 meV at δ = 0.15 with T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100 meV. (b) The experimental result
of the quasiparticle scattering interference pattern Z(q, ω = 16 meV) for Bi2Sr2CaCu2O8+δ taken from Ref. 30.
FIG. 6: (Color online) (a) The map of the intensity of the quasiparticle scattering rate and (b) the angular dependence of the
the quasiparticle scattering rate on the constant energy contour shown in Fig. 1b in ω = 0.24J = 24 meV at δ = 0.09 with
T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100 meV. Inset in (b): the corresponding experimental result of the angular
dependence of the quasiparticle scattering rate for the underdoped Bi2Sr2CaCu2O8+δ taken from Ref. 33.
binding energy. Our present results therefore show that
the essential physics of the formation of the Fermi pockets
at finite binding energies and the related the octet scatter-
ing model with the scattering wave vectors qi connecting
the hot spots shown in Fig. 1a is the same as that of the
zero binding energy, and can be also attributed to the
highly anisotropic momentum-dependence of the quasi-
particle scattering rate Γ(k, ω) at finite binding energies.
In Fig. 6, we plot (a) the map of the intensity of Γ(k, ω)
in the first BZ and (b) the angular dependence of Γ(k, ω)
on the constant energy contour shown in Fig. 1b for the
binding energy ω = 0.24J = 24 meV at δ = 0.09 with
T = 0.002J in comparison with the corresponding exper-
imental result33 of the angular dependence of the quasi-
particle scattering rate along the constant energy contour
observed on the underdoped Bi2Sr2CaCu2O8+δ (inset in
b), where as in the case of the zero binding energy46,47,
the actual minimum of Γ(k, ω) appears always at the off-
node place, and therefore is located exactly at the hot
spot on EFS. However, the largest value of Γ(k, ω) still
emerges at the antinode, and then it damps down when
the momentum shifts away from the antinode. In par-
ticular, the magnitude of Γ(k, ω) around the antinode is
always larger than that around the node. This highly
anisotropic momentum-dependence of Γ(k, ω) thus re-
duces heavily the spectral weight of the electron quasi-
particle excitation spectrum around the antinodal region,
but it has a more modest effect on the spectral weight
around the nodal region, and then the tips of these dis-
connected segments on the constant energy contours con-
verge on the eight hot spots to form the closed Fermi
pockets. These eight hot spots construct a octet scatter-
ing model with the scattering wave vectors qi as shown
in Fig. 1b, which therefore leads to that the sharp peaks
in the ARPES autocorrelation with the scattering wave
vectors qi are directly correlated to the regions of the
highest joint density of states.
However, this momentum-dependence of Γ(k, ω) at fi-
nite binding energies is also intrinsically related to the
emergence of the momentum-dependence of the pseu-
8FIG. 7: (Color online) The Fourier transformed local density of states as a function of the momentum for ω = 0.16J = 16 meV
at δ = 0.15 with T = 0.002J for t/J = 2.5, t′/t = 0.3, and J = 100 meV in the presence of single point-like potential scatterer
of strength (a) V0 = 0.1J = 10 meV, (b) V0 = 0.5J = 50 meV, and (c) V0 = 1.0J = 100 meV.
dogap, since the electron self-energy Σ1(k, ω) in the
particle-hole channel in Eq. (2) can be also rewrit-
ten as Σ1(k, ω) ≈ [∆¯PG(k)]2/(ω + ε0k) with the en-
ergy spectrum ε0k and the pseudogap ∆¯PG(k) that have
been given explicitly in Ref. 42. Moreover, the imagi-
nary part of Σ1(k, ω) in the quasiparticle scattering rate
(4a) is closely related to the pseudogap as ImΣ1(k, ω) ≈
2pi[∆¯PG(k)]
2δ(ω + ε0k), reflecting a fact that this pseu-
dogap ∆¯PG(k) has the same angular dependence on EFS
as that of Γ(k, ω). This connection of the pseudogap
∆¯PG(k) and the quasiparticle scattering rate Γ(k, ω)
therefore shows that the formation of the Fermi pock-
ets and the related the octet scattering structure with
the scattering wave vectors qi connecting the hot spots
shown in Fig. 1 are intrinsically associated to the emer-
gence of the momentum-dependence of the pseudogap.
We now turn to show why there is an intimate con-
nection between the ARPES autocorrelation and QSI in
cuprate superconductors. Theoretically, the QSI experi-
ments have been interpreted in terms of the phenomeno-
logical octet scattering model by considering the scat-
tering arising from a single point-like impurity5,6,35–38.
Within the framework of the kinetic-energy-driven SC
mechanism, the inhomogeneous part of ρ(q, ω) in the
presence of a single point-like impurity scattering poten-
tial V˜ = V0δ(r)τ3 can be evaluated in terms of the elec-
tron diagonal and off-diagonal Green’s functions G(k, ω)
and =†(k, ω) in Eq. (2) as,







[G(k+ q, ω)T1(ω)G(k, ω)
+ =(k+ q, ω)T2(ω)=†(k, ω)], (5)
where T1(ω) and T2(ω) are the energy-dependent ele-





T2(ω) = − V0
[1−G(−ω)V0] , (6b)
with G(ω) = (1/N)
∑
kG(k, ω).
In Fig. 7, we plot the momentum-space patterns of
δρ(q, ω) for the binding energy ω = 0.16J = 16 meV
at δ = 0.15 with T = 0.002J in the presence of a
single point-like potential scatterer of the strengths (a)
V0 = 0.1J = 10 meV, (b) V0 = 0.5J = 50 meV, and (c)
V0 = 1.0J = 100 meV, where the single point-like poten-
tial scatterer of the strength V0 < 0.5J can be thought to
be a scattering process with the weak scattering poten-
tial, while V0 > 0.5J is a scattering process with the
strong scattering potential. In particular, our results
show that for the scattering process with the strong scat-
tering potential (V0 > 0.5J), the obtained momentum-
space structure of the δρ(q, ω) patterns in the SC-state is
qualitatively consistent with the momentum-space struc-
ture of the QSI patterns5,6,27–33 observed from the FT-
STS experiments on cuprate superconductors in the SC-
state. However, it is very surprising that the obtained
result of the momentum-space structure of the δρ(q, ω)
patterns in the strong scattering process is also in quali-
tative agreement with the momentum-space structure of
the ARPES autocorrelation patterns shown in Fig. 2c
and Fig. 2d found from the ARPES measurements19.
The equation (5) indicates that there are two parts of
the contribution to δρ(q, ω): the contribution from the
first term of the right-hand side in Eq. (5) comes from
the quasiparticle scattering process in the presence of a
single point-like impurity in the particle-hole channel ob-
tained in terms of the electron diagonal Green’s function,
and therefore is closely associated with the pseudogap
∆¯PG, while the additional contribution from the second
term of the right-hand side in Eq. (5) originates from the
9quasiparticle scattering process in the presence of a sin-
gle point-like impurity in the particle-particle channel ob-
tained in terms of the electron off-diagonal Green’s func-
tion, and therefore is directly connected with the SC gap
∆¯s. The strength of this additional quasiparticle scatter-
ing process in the particle-particle channel is proportional
to ∆¯2s . However, in the underdoped and optimally doped
regimes, ∆¯s  ∆¯PG, and therefore the strength of the
additional quasiparticle scattering process in the particle-
particle channel is much smaller than that of the quasi-
particle scattering process in the particle-hole channel. In
other words, the contribution to δρ(q, ω) in the under-
doped and optimally doped regimes is mainly dominated
by the quasiparticle scattering process in the particle-hole
channel. In particular, we find during the calculations
that in the case of the presence of the strong scattering
potential V0 > 0.5J , the main contribution to δρ(q, ω)
comes from the term ImG(k+q, ω)ImT1(ω)ImG(k, ω) of
the right-hand side in Eq. (5), and then δρ(q, ω) in Eq.
(5) can be reduced as,











A(k+ q, ω)A(k, ω), (7)
where ImG(k, ω) and ImT1(ω) are the corresponding
imaginary parts of G(k, ω) and T1(ω), respectively. This
expression form in Eq. (7) is the same as the autocor-
relation function of the quasiparticle excitation spectral
intensities in Eq. (1). This is why in the case of the
presence of the strong scattering potential V0 > 0.5J , the
momentum-space structure of the QSI patterns5,6,27–33 is
qualitatively consistent with the momentum-space struc-
ture of the ARPES autocorrelation patterns19 shown in
Fig. 2c and Fig. 2d. The qualitative agreement between
the momentum-space structure of the C¯(q, ω) patterns
and the momentum-space structure of the δρ(q, ω) pat-
terns in the case of the presence of the strong scattering
potential therefore confirm an intimate connection be-
tween the ARPES autocorrelation and QSI in cuprate
superconductors.
IV. CONCLUSIONS
In summary, within the framework of the kinetic-
energy driven SC mechanism, we have discussed the
ARPES autocorrelation and its connection with QSI in
cuprate superconductors by taking into account the pseu-
dogap effect. Our results show that the octet scatter-
ing model of the quasiparticle scattering processes with
the scattering wave vectors qi connecting the hot spots
on the constant energy contours is intrinsically related
to the emergence of the highly anisotropic momentum-
dependence of the pseudogap. This octet scattering
model therefore leads to that the sharp peaks in the
ARPES autocorrelation with the scattering wave vectors
qi are directly correlated to the regions of the highest
joint density of states. Concomitantly, the momentum-
space structure of the ARPES autocorrelation patterns
detected from the ARPES experimental measurements is
qualitatively consistent with the momentum-space struc-
ture of the QSI patterns observed from FT-STS experi-
ments. Our theory therefore also confirms a direct con-
nection between the ARPES autocorrelation and QSI in
cuprate superconductors.
Acknowledgements
The authors would like to thank Dr. Huaisong Zhao
for the helpful discussions. This work was supported by
the National Key Research and Development Program of
China under Grant No. 2016YFA0300304, and the Na-
tional Natural Science Foundation of China under Grant
Nos. 11574032 and 11734002.
1 See, e.g., the review, Xingjiang Zhou, Shaolong He,
Guodong Liu, Lin Zhao, Li Yu, and Wentao Zhang, Rep.
Prog. Phys. 81, 062101 (2018).
2 See, e.g., the review, A. Damascelli, Z. Hussain, and Z.-X.
Shen, Rev. Mod. Phys. 75, 473 (2003).
3 See, e.g., the review, J. C. Campuzano, M. R. Norman, M.
Randeira, in Physics of Superconductors, vol. II, edited by
K. H. Bennemann and J. B. Ketterson (Springer, Berlin
Heidelberg New York, 2004), p. 167.
4 See, e.g., the review, A. A. Kordyuk, V. B. Zabolotnyy,
D. V. Evtushinsky, D. S. Inosov, T. K. Kim, B. Bu¨chner,
and S. V. Borisenko, Eur. Phys. J. Special Topics 188, 153
(2010).
5 See, e.g., the review, T. P. Devereaux and R. Hackl, Rev.
Mod. Phys. 79, 175 (2007).
6 See, e.g., the review, Øystein Fischer, Martin Kugler, Ivan
Maggio-Aprile, Christophe Berthod, and Christoph Ren-
ner, Rev. Mod. Phys. 79, 353 (2007).
7 J. G. Bednorz and K. A. Mu¨ller, Z. Phys. B 64, 189 (1986).
8 See, e.g., the review, M. A. Kastner, R. J. Birgeneau, G.
Shirane, and Y. Endoh, Rev. Mod. Phys. 70, 897 (1998).
9 See, e.g., the review, Tom Timusk and Bryan Statt, Rep.
Prog. Phys. 62, 61 (1999).
10 See, e.g., the review, S. Hu¨fner, M. A. Hossain, A. Dam-
ascelli, and G. A. Sawatzky, Rep. Prog. Phys. 71, 062501
(2008).
11 See, e.g., the review, Riccardo Comin and Andrea Dama-
scelli, Annu. Rev. Condens. Matter Phys. 7, 369 (2016).
12 P. W. Anderson, Science 235, 1196 (1987).
13 See, e.g., the review, Philip Phillips, Rev. Mod. Phys. 82,
1719 (2010).
14 M. R. Norman, H. Ding, M. Randeria, J. C. Campuzano,
10
T. Yokoya, T. Takeuchi, T. Takahashi, T. Mochiku, K.
Kadowaki, P. Guptasarma, and D. G. Hinks, Nature 392,
157 (1998).
15 H.-B. Yang, J. D. Rameau, P. D. Johnson, T. Valla, A.
Tsvelik, and G. D. Gu, Nature 456, 77 (2008).
16 Jianqiao Meng, Guodong Liu, Wentao Zhang, Lin Zhao,
Haiyun Liu, Xiaowen Jia, Daixiang Mu, Shanyu Liu, Xi-
aoli Dong, Wei Lu, Guiling Wang, Yong Zhou, Yong Zhu,
Xiaoyang Wang, Zuyan Xu, Chuangtian Chen, and X. J.
Zhou, Nature 462, 335 (2009).
17 H.-B. Yang, J. D. Rameau, Z.-H. Pan, G. D. Gu, P. D.
Johnson, H. Claus, D. G. Hinks, and T. E. Kidd, Phys.
Rev. Lett. 107, 047003 (2011).
18 M. K. Chan, N. Harrison, R. D. McDonald, B. J.
Ramshaw, K. A. Modic, N. Bari˜sic´, and M. Greven, Nat.
Commun. 7, 12244 (2016).
19 U. Chatterjee, M. Shi, A. Kaminski, A. Kanigel, H. M.
Fretwell, K. Terashima, T. Takahashi, S. Rosenkranz, Z.
Z. Li, H. Raffy, A. Santander-Syro, K. Kadowaki, M. R.
Norman, M. Randeria, and J. C. Campuzano, Phys. Rev.
Lett. 96, 107006 (2006).
20 M. Shi, J. Chang, S. Pailhe´s, M. R. Norman, J. C. Cam-
puzano, M. Ma˚nsson, T. Claesson, O. Tjernberg, A. Ben-
dounan, L. Patthey, N. Momono, M. Oda, M. Ido, C.
Mudry, and J. Mesot, Phys. Rev. Lett. 101, 047002 (2008).
21 Y. Sassa, M. Radovic´, M. Ma˚nsson, E. Razzoli, X. Y. Cui,
S. Pailhe´s, S. Guerrero, M. Shi, P. R. Willmott, F. Miletto
Granozio, J. Mesot, M. R. Norman, and L. Patthey, Phys.
Rev. B 83, 140511(R) (2011).
22 R. Comin, A. Frano, M. M. Yee, Y. Yoshida, H. Eisaki,
E. Schierle, E. Weschke, R. Sutarto, F. He, A. Soumya-
narayanan, Yang He, M. Le Tacon, I. S. Elfimov, Jennifer
E. Hoffman, G. A. Sawatzky, B. Keimer, and A. Damas-
celli, Science 343, 390 (2014).
23 M. Horio, T. Adachi, Y. Mori, A. Takahashi, T. Yoshida,
H. Suzuki, L. C. C. Ambolode II, K. Okazaki, K. Ono,
H. Kumigashira, H. Anzai, M. Arita, H. Namatame, M.
Taniguchi, D. Ootsuki, K. Sawada, M. Takahashi, T. Mi-
zokawa, Y. Koike and A. Fujimori, Nat. Commun. 7, 10567
(2016).
24 D. L. Feng, A. Damascelli, K. M. Shen, N. Motoyama, D.
H. Lu, H. Eisaki, K. Shimizu, J.-i. Shimoyama, K. Kishio,
N. Kaneko, M. Greven, G. D. Gu, X. J. Zhou, C. Kim, F.
Ronning, N. P. Armitage, and Z.-X Shen, Phys. Rev. Lett.
88, 107001 (2002).
25 S. V. Borisenko, A. A. Kordyuk, T. K. Kim, A. Koitzsch,
M. Knupfer, M. S. Golden, J. Fink, M. Eschrig, H. Berger,
and R. Follath, Phys. Rev. Lett. 90, 207001 (2003).
26 Daixiang Mou, Adam Kaminski, and Genda Gu, Phys.
Rev. B 95, 174501 (2017).
27 S. H. Pan, J. P. ON´eal, R. L. Badzey, C. Chamon, H. Ding,
J. R. Engelbrecht, Z. Wang, H. Eisaki, S. Uchida, A. K.
Gupta, K.-W. Ng, E. W. Hudson, K. M. Lang, and J. C.
Davis, Nature 413, 282 (2001).
28 Y. Kohsaka, C. Taylor, K. Fujita, A. Schmidt, C. Lupien,
T. Hanaguri, M. Azuma, M. Takano, H. Eisaki, H. Takagi,
S. Uchida, and J. C. Davis, Science 315, 1380 (2007).
29 T. Hanaguri, Y. Kohsaka, J. C. Davis, C. Lupien, I. Ya-
mada, M. Azuma, M. Takano, K. Ohishi, M. Ono, and H.
Takagi, Nature Phys. 3, 865 (2007).
30 Y. Kohsaka, C. Taylor, P. Wahl, A. Schmidt, J. Lee, K.
Fujita, J. W. Alldredge, K. McElroy, J. Lee, H. Eisaki,
S. Uchida, D.-H. Lee, and J. C. Davis, Nature 454, 1072
(2008).
31 T. Hanaguri, Y. Kohsaka, M. Ono, M. Maltseva, P. Cole-
man, I. Yamada, M. Azuma, M. Takano, K. Ohishi, and
H. Takagi, Science 323, 923 (2009).
32 Takeshi Kondo, Rustem Khasanov, Tsunehiro Takeuchi,
Jo¨rg Schmalian, and Adam Kaminski, Nature 457, 296
(2009).
33 I. M. Vishik, E. A. Nowadnick, W. S. Lee, Z. X. Shen, B.
Moritz, T. P. Devereaux, K. Tanaka, T. Sasagawa, and T.
Fujii, Nat. Phys. 5, 718 (2009).
34 Deheng Gao, Yingping Mou, and Shiping Feng, J. Low
Temp. Phys. 192, 19 (2018)
35 Q.-H. Wang and D.-H. Lee, Phys. Rev. B 67, 020511
(2003).
36 Zhi Wang, Bin Liu, and Shiping Feng, Phys. Lett. A 374,
3084 (2010).
37 T. S. Nunner, W. Chen, B. M. Andersen, A. Melikyan, and
P. J. Hirschfeld, Phys. Rev. B 73, 104511 (2006).
38 D. Zhang and C. S. Ting, Phys. Rev. B 67, 100506 (2003).
39 See, e.g., the review, Shiping Feng, Yu Lan, Huaisong
Zhao, Lu¨lin Kuang, Ling Qin, and Xixiao Ma, Int. J. Mod.
Phys. B 29, 1530009 (2015).
40 Shiping Feng, Phys. Rev. B 68, 184501 (2003); Shiping
Feng, Tianxing Ma, and Huaiming Guo, Physica C 436,
14 (2006).
41 Shiping Feng, Huaisong Zhao, and Zheyu Huang, Phys.
Rev. B. 85, 054509 (2012); Phys. Rev. B. 85, 099902(E)
(2012).
42 Shiping Feng, Lu¨lin Kuang, and Huaisong Zhao, Physica
C 517, 5 (2015).
43 G. M. Eliashberg, Sov. Phys. JETP 11, 696 (1960); D. J.
Scalapino, J. R. Schrieffer, and J. W. Wilkins, Phys. Rev.
148, 263 (1966).
44 J. R. Schrieffer, Theory of Superconductivity, Benjamin,
New York, 1964.
45 See, e.g., G. D. Mahan, Many-Particle Physics, (Plenum
Press, New York, 1981).
46 Deheng Gao, Yiqun Liu, Huaisong Zhao, Yingping Mou,
and Shiping Feng, Physica C 551, 72 (2018); Shiping Feng,
Deheng Gao, Yiqun Liu, Yingping Mou, and Shuning Tan,
arXiv:1807.00296.
47 Shiping Feng, Deheng Gao, and Huaisong Zhao, Phil. Mag.
96, 1245 (2016); Yingping Mou and Shiping Feng, Phil.
Mag. 97, 3361 (2017); Huaisong Zhao, Deheng Gao, and
Shiping Feng, Physica C 534, 1 (2017).
48 Tao Wu, Hadrien Mayaffre, Steffen Kra¨mer, Mladen Hor-
vatic´, Claude Berthier, W. N. Hardy, Ruixing Liang, D. A.
Bonn, and Marc-Henri Julien, Nature 477, 191 (2011).
49 G. Campi, A. Bianconi, N. Poccia, G. Bianconi, L. Barba,
G. Arrighetti, D. Innocenti, J. Karpinski, N. D. Zhigadlo,
S. M. Kazakov, M. Burghammer, M. v. Zimmermann, M.
Sprung, and A. Ricci, Nature 525, 359 (2015).
50 R. Comin, R. Sutarto, F. He, E. H. da Silva Neto, L.
Chauviere, A. Fran˜o, R. Liang, W. N. Hardy, D. A. Bonn,
Y. Yoshida, H. Eisaki, A. J. Achkar, D. G. Hawthorn, B.
Keimer, G. A. Sawatzky, and A. Damascelli, Nat. Mater.
14, 796 (2015).
51 J. P. Hinton, E. Thewalt, Z. Alpichshev, F. Mahmood,
J. D. Koralek, M. K. Chan, M. J. Veit, C. J. Dorow, N.
Barisic´, A. F. Kemper, D. A. Bonn, W. N. Hardy, Ruixing
Liang, N. Gedik, M. Greven, A. Lanzara, and J. Orenstein,
Sci. Reports. 6, 23610 (2016).
